The exchange-coupled SmCo5/α-Fe nanocomposite magnets were fabricated by the micrometer sized of SmCo5 and α-Fe powders. The effect of α-Fe content on the microstructure, magnetic properties and corrosion resistance of these nanocomposite magnets were systematically discussed. The results revealed that show the enhanced exchange-coupling behavior with (BH)max = 11.3 kJ/m 3 was obtained with the α-Fe content at 7.5 wt%. The magnetization reversal behavior and exchange coupling effect were investigated by analyzing recoil loops and m  -plots, it shows that the exchange coupling interaction is enhanced and finally enhancing the magnetic properties with α-Fe added. Besides, a remarkably improvement in electrochemical stability and corrosion resistance for the SmCo5/α-Fe nanocomposite magnet with the α-Fe added, which is mainly attributed to the coexistence of hard and soft magnetic phases in the magnet.
INTRODUCTION
In recent years, due to the application of high-end magnetic technology in new science and technology fields, such as computer, information storage, biomedicine and micro-nano machinery, the research of nanocrystalline permanent magnet has attracted much attention [1] [2] [3] . However, due to the superparamagnetic effect, the coercivity of general permanent magnets decreases significantly at nanoscale. Only high magnetocrystalline anisotropic materials such as SmCo can maintain certain coercivity, especially as SmCo5 magnet has high magnetocrystalline anisotropy constant Ku (2.3×10 8 erg/cm 3 ), so its superparamagnetic limit is the smallest, which is the ideal material for preparing nanocrystalline permanent magnet material [4, 5] . Although nanocrystalline magnet has been extensively studied, the maximum energy product (BH)max of nanocrystalline permanent magnets prepared in practice is far lower than that predicted in theory, which is mainly due to the fact that microstructures of materials prepared at present are far from the requirements of ideal models. Recent studies showed that the exchange-coupled SmCo5/α-Fe nanocomposite alloys show an important class of high performance magnets, as the SmCo5 hard magnetic phase obtaining high coercivity (Hcj) and high Curie temperature (Tc), α-Fe soft magnetic phase obtaining high saturation magnetization (Ms) [6] [7] [8] . However, it is still challenging to simultaneously gain in uniform orientation of magnetization vectors for soft and hard magnetic phases in the nanocomposite magnets. In order to further enhance the magnetic properties and refine the microstructure of the SmCo5/α-Fe nanocomposite magnets, the effect of soft magnetic α-Fe phase content on the magnetic properties, microstructures, magnetization behavior and corrosion resistance of the SmCo5/α-Fe nanocomposite alloys were systematically investigated.
EXPERIMENTAL PART
The SmCo5 ingot was prepared by threefold arc melting with high purity metals (≥99.99 %). The SmCo5 ingot was then ground into powder size of ~300 μm and mixed with commercial iron powders with a particle size of ~ 15 μm. The two-phase powders were milled for 2 h by the highenergy ball milling with α-Fe weight ratios at 0 wt. %, 2.5 wt. %, 5 wt. %, and 7.5 wt. %. The asmilled SmCo5/α-Fe powders were pressed into cubes under argon atmosphere, then pressed in the cold isostatic with the pressure of 100 MPa.
The phase structures of SmCo5/α-Fe magnets were characterized by X-ray diffraction (XRD). The magnetic properties and magnetization reversal process of the samples were measured by the vibrating-sample magnetometer (VSM, Lakeshore 7407) with the magnetic field of 2.0 T. The polarization curves were measured by the electrochemical workstation (PARSTAT 2273) under 2.5 wt.% NaCl aqueous solution with a scan rate of 2 mV/s. The accelerated corrosion test was performed by placing samples (cylindrical: Φ5*5 mm) in 120℃, 2 bar and 100% relative humid atmosphere for 24, 48, 72 and 96 h, respectively. Fig. 1 shows the X-ray diffraction patterns of the SmCo5/α-Fe nanocomposite magnets with different α-Fe contents. It is shown that the dominant phase in the single SmCo5 alloy ( Fig. 1(a) ) is CaCu5-type SmCo5 phase. By the comparison of all the XRD patterns of the SmCo5/α-Fe nanocomposite magnets with different α-Fe contents, it is shown that with increase of α-Fe content from 2.5% to 5.0%, the intensity of diffractions for the SmCo5/α-Fe magnets were reduced, then the width of diffraction peak was broadened. Meanwhile, the influence of soft magnetic α-Fe phase addition on the single-crystal SmCo5 hard magnetic phase is not obvious. The above result revealed the fact that the microstructure for the CaCu5-type SmCo5 phase could be refined. The similar behavior of α-Fe addition for SmCo alloys has been reported by Feng et al. previously [9] . According to the Scherrer's formula, the average grain size of the hard and soft phase for the SmCo5/α-Fe nanocomposite magnets as a function of different α-Fe contents was close to 20 nm. Fig 2. (a) , the coercivity of α-Fe addition nanocomposite magnets are lower than the α-Fe free sample (Hcj: 787.9 kA/m), implying that the magnetic properties of the nanocomposite magnets are sensitive to the different ratio of the hard SmCo5 and soft α-Fe phases, reflecting the existence of the exchangecoupling interaction in these SmCo5/α-Fe nanocomposite alloys. Meanwhile, Fig. 2 (b) gives more information about parameters of Hcj, (BH)max, and Mr for the SmCo5/α-Fe nanocomposite alloys as a function of different α-Fe contents. It is shown that the coercivity (Hcj) decreased monotonically with the increase of α-Fe content, while the (BH)max and Mr show the tendency that is increased monotonically. The increase of the remanence (Mr) could be due to the fact that the random diffusion of α-Fe into SmCo5 initiated during ball milling process, similar results were also reported by Saravanan et al. [10] for their SmCo5/Fe nanocomposite magnets. The optimal magnetic properties were obtained for the α-Fe content at 7.5 wt%: Hcj=423.3 kA/m, Mr =34.1 emu/g, (BH)max=11.3 kJ/m 3 .
RESULTS AND DISCUSSION
Compared to the α-Fe free sample, the maximum energy product (BH)max can get 35% improvements. To get further understand the effect of α-Fe content on the magnetic behavior of these nanocomposite magnets, the magnetization mechanism of the SmCo5/α-Fe nanocomposite alloys is discussed as follows. Figs. 3 (a) -(d) display the recoil loops for the SmCo5/α-Fe nanocomposite magnets with different α-Fe contents. As seen, the recoil loops for all samples do not close, while the slope of recoil loops is gradually steeper with more α-Fe content, demonstrating that the enhanced exchange-coupling interaction was obtained in the α-Fe addition alloys, compared to the α-Fe free sample. Such a behavior that the open and steeper slope of the recoil loop is considered to be the presence of the exchange-mechanism [11, 12] , which is mainly due to the exchange coupling interaction between the SmCo5 and α-Fe phase. Similar behavior was also reported previously in the α-Fe/Nd2Fe14B [13] , α-Fe/Sm2Fe14Cu0.5Ga2C2 [14] , and SmCo7 [15] alloys. Additionally, the enclosed area of the recoil loop is equivalent to the energy loss after one cycle. Vertical bars represent recoil loop areas, as it can be seen the recoil area in Figs In order to qualitatively determine the intensity of exchange coupling effect in the nanocomposite magnets, the plots of M(H) and Md(H) were investigated in the insets of Fig. 3 . Here, Md(H) is defined as the remanence acquired after dc saturation in one direction. Hc is intrinsic coercivity defined by the condition for the magnetization M(Hc)=0, Hr is the dc field defined by the Md(Hr)=0. It is found that the ratio of Hr/Hc is increased first and decreased subsequently with increment of α-Fe content, are 1.21, 2.81, 1.59, 1.53 for 0, 2.5, 5, 7.5 wt% α-Fe, respectively. The latter values with more α-Fe are closer to the theoretical value predicted by Wohlfarth [16] (Hr /Hc=1.09), which is based on the model of randomly oriented uniaxial particles. It means that the samples with more α-Fe content is close to the model that the soft-magnetic phase (α-Fe) and the hardmagnetic phase (SmCo5) obtain an uniform inverse under the applied field, resulting in it has a strong exchange-spring interaction.
For a better understanding the magnetic exchange interactions for the SmCo5/α-Fe nanocomposite magnets, the exchange coupling interaction between the grains was analyzed by using the M  plot, which is defined as ( ) are not all consist of the results of the Hr /Hc, the variance may be attributed to the varied magnetic analysis mechanisms. 5 shows the potentiodynamic polarization curves of the SmCo5/α-Fe nanocomposite magnets for the α-Fe content at (a) free and (b) 7.5 wt% tested in 2.5 wt.% NaCl aqueous solutions. According to the potentiodynamic polarization curves, the corresponding corrosion potential Ecorr, corrosion current density icorr and Tafel slope b were obtained and showed in The improvement of the corrosion resistance for the SmCo5/α-Fe nanocomposite magnet with 7.5 wt% α-Fe content is also showed by the mass loss tests, as seen in Fig. 6 for the α-Fe free and α-Fe added magnets measured in 120℃, 2 bar and 100% relative humidity atmosphere for different times. With the increase of the exposure time, the mass loss of the two samples show the tendency of gradually increased. As the exposure time was prolonged to 96 h, the mass loss of the α-Fe free alloy reaches to ~2.66 mg/cm 2 , compared to the SmCo5/α-Fe nanocomposite magnet with the mass loss increase to ~1.53 mg/cm 2 . The above results mean that the corrosion resistance of the SmCo5/α-Fe nanocomposite magnet with 7.5 wt% α-Fe added can be improved in hot/humid atmosphere, which may be the reason of the coexistence of hard and soft magnetic phases can enhance the oxidation and corrosion resistances. The present study demonstrated that the magnetic properties can be improved and the exchange coupling interaction can be enhanced in the SmCo5/α-Fe nanocomposite magnet with α-Fe added. Meanwhile, the corrosion resistance of these magnets can be also improved.
CONCLUSION
The influence of α-Fe content on the microstructure, magnetic properties and corrosion resistance of the SmCo5/α-Fe nanocomposite alloys were investigated. The alloys that show strong exchange-coupling behavior ((BH)max = 11.3 kJ/m 3 ) was obtained when the α-Fe content at 7.5 wt%.
The magnetization reversal results demonstrated that the α-Fe doped samples show low energy losses as a reversal field is applied, which is a big advantageous to the application in electrical machines and generators. Meanwhile, the corrosion resistance of these magnets can be also improved, with the lower corrosion current density icorr (31.60 µA/cm 2 ), corrosion potential Ecorr (-0.273 V) and Tafel slope b (anodic: 40.40 mV/dec, cathodic: 32.49 mV/dec).
